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Abstract 
The paper deals with the problem of a biomechanical solution for human locomotion after amputation of a lower limb. With an 
inappropriately designed transtibial prostheses socket, the interaction between the socket and the stump occurs, leading to 
increased friction and subsequent surface damage to the soft tissue. In individual types of transtibial prostheses, locations are 
defined which can be loaded and which cannot be loaded. On the basis of the study of the anterior side of the stump, three 
loadable and two non-loadable areas were monitored using the TACTILUS tactile pressure sensor (Sensor Products Inc., 
Madison, New Jersey, USA). Methods of measuring individual values were proposed for the purpose of sensing the pressure in 
the socket and the liner interface, the stump and the liner interface. Each method includes the methodological preparation of the 
patient, the preparation of the room, the preparation of the measuring system, and the subsequent method of data processing. In 
the submitted paper, 11 stumps were non-invasively monitored. The method of assessing the pressure exerted on the stumps was 
focused on the monitoring of the pressure distribution in the selected areas. The results obtained by the pressure measurements 
were statistically processed. In both cases of the pressure system placement, the p-value was higher than 0.05; therefore, we can 
state that the sets are equal.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Despite the use of modern technologies in the prosthesis manufacture, there is certain residual interaction between 
a prosthesis and a stump, causing discomfort to a user wearing the prosthesis, as well as pain and stump soft tissue 
damage. [1]. These consequences occur due to the mutual pressure interaction between the prosthesis and the stump, 
which is one of the important factors for the assessment of the corrective, supporting, or fixation biomechanical 
effect. The use of a pressure sensor could facilitate the scanning of the pressure in the selected stump areas and thus 
optimize the prosthesis socket, avoid the skin damage, pain, and discomfort when using a prosthesis. [2]. 
According to the statistics of the National Health Information Centre regarding the activities of the Common 
Diagnostic and Curative Facilities in the SR, the submitted study was focused on the pressure measurements in 
transtibial prostheses, as their occurrence is higher than that of femoral prostheses (Table 1). On a transtibial stump, 
there are accurately defined loadable and unloadable areas that must be considered when manufacturing a transtibial 
prosthesis. 
Table 1 Review of the provided endoskeletal prostheses [4] 
Number of provided endoskeletal prostheses 
Year  Transtibial Transfemoral  
2009 305 252 
2010 228 212 
2011 280 215 
2012 369 300 
 
Distribution of pressure on the interface between the stump and the transtibial prosthesis socket is required for the 
assessment of the socket design and construction. Measuring the pressure in the transtibial prosthesis sockets has 
been carried out for almost 50 years. Acquisition of correct data by the pressure measurements in sockets required 
proper measuring technology, appropriate sensors, proper sensor positioning and data collection. An ideal pressure 
sensor should facilitate the monitoring of the actual surface tension, i.e. the pressure distribution without substantial 
interventions in the initial conditions of the socket structure. At present, this is usually carried out using the Matrix 
TACTILE Sensors (MTS), application of which has become significant in the healthcare segment, as well as in the 
prosthetics and orthotics segments [3]. 
In his study, Faustini [5]carried out the pressure measurement after the transtibial amputation using the F-Socket 
9811 (Tekscan) sensor. One sensor was placed on the lateral side of the stump and the fibula head, the second one 
was placed on the distal part of the tibia on the anterior stump side. F-Socket sensor dimensions were 76.2mm x 
203.2 mm, with the thickness of 0.28 mm and it contained 96 sensors (each with the area of 161.3 mm2), arranged in 
6columns and 16 rows, with the pressure range between 0 and 517 kPa. In their study, Dumbletonet al. [6] was 
dealing with the comparison of the dynamic pressure interface between the socket and the transtibial stump. The 
pressure measurements in the endoskeletal prosthesis were carried out using the Tekscan F-scan pressure scanner 
(Tekscan, Inc; Boston, Massachusetts, USA). Scanning in the prosthesis socket was carried out on the anterior, 
medial, posterior, and lateral side. It was observed that the distribution of the dynamic pressure on the stump 
interface was similar on both, loadable and unloadable areas. 
In their study, Kang et al. [12]were examining the effects of various settings of the transtibial prosthesis socket 
(5°, 0°and 10°) using the F-socket pressure system (Tekscan). They measured the effects of the pressure in the 
anterior area (proximal, medial, and distal) and in the posterior area (proximal, medial, and distal) in different socket 
flexion angles (5°, 0° and 10°). The pairwise t-test was used to compare the pressure in a socket with the flexion 
angle of 5° and the pressures in the socket flexion angles of 0 ° and 10 °, while the significant level was 0.05.In 
other studies, the pressure system was used for measuring the pressure in the transtibial prosthesis socket during 
walking [8][9] and during walking up the stairs[9][11][12]. 
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2. Materials and methods 
The pilot measurements were used as the basis for the preparation of the methodology for the pressure 
measurements in the transtibial prosthesis socket in the stump/liner and liner/socket interfaces. The measurements 
were carried out using the TACTILUS pressure sensor, (SENSOR PRODUCTS INC, USA). The methodology 
consisted of the methodology for the preparation of the environment where the measurements were carried out, the 
methodology for the preparation of the TACTILUS measuring system, the methodology for the preparation of a 
subject, the methodology for the processing of the acquired data, elaboration of reports, and data implementation. 
The measurements were carried out on 11 transtibial stumps of 10 subjects; out of these, 9 subjects had unilateral 
transtibial amputation, and in one case it was a bilateral transtibial amputation. The subjects did not report any pain 
during the utilisation of their transtibial prosthesis, their stump soft tissue integrity was not disturbed, and they did 
not feel any major pressure in the socket. Except for the subject with the bilateral amputation, all the users of 
transtibial prostheses were active. Subjects participating in the measurements were males aged 41 to 70 years. The 
average age of subjects was 55.72 ± 8.08 years. The period of prosthesis utilisation varied (between2 and 47 years). 
The TACTILUS pressure pad was placed on the anterior area of the stump, on which the loadable areas (ON1, 
ON2 and ON3) and unloadable areas (NON4 and NON5) were monitored. The selected loadable areas in the 
submitted study are ON1 (medial area of the tibia, Fig. 1a), ON2 (the area between the tibia and the fibula, Fig. 1b), 
and ON3 (quadriceps tendon, Fig. 1c). The NON4 (anterior edge of the tibia, Fig. 1d) and the NON5 (bone end of 
the stump, Fig. 1e) areas are sensitive to pressure, i.e. they are unloadable.  
 
 
Fig. 1 Loadable areas (ON1 - a, ON2 - b, ON3 - c) and unloadable areas (NON4 - d, NON5 - e) on the transtibial stump 
The TACTILUS pressure sensor was used to identify the maximum and the average compression loads in the 
selected areas (ON1, ON2, ON3, NON4 and NON5) with two pressure sensor placement alternatives. The first 
position was between the stump and the liner; the second one was between the liner and the transtibial prosthesis 
socket. The compression load was measured while subjects were walking (8 - 10 steps). 
The measurements using the TACTILUS system were carried out in the room with a constant temperature (21-
24°C) and humidity during the entire measuring. As it is a dynamic measuring with a pressure sensor, it is necessary 
to ensure absence of barriers during the execution of the measurements –walking by a subject with a pressure 
sensor.   
The pressure measurements in the stump/liner interface and the liner/transtibial prosthesis socket interface were 
carried out using the TACTILUS system by the SENSOR PRODUCTS INC. (USA) which was made available by 
the Department of Biomedical Engineering and Measurement (TUKE, Slovakia). The TACTILUS system consists 
of a sensor pad (20x20cm) with the range of 0to 97.19 kPa, a signal converter, a laptop with the installed 
TACTILUS software application, and interconnecting cables. Technical parameters of the TACTILUS system are 
presented in Table 2. 
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Table 2 Technical parameters of the TACTILUS system (SensorProd Inc., USA). 
Technology  Piezoresistive/ Resistive 
Pressure range 0.1 to 200 PSI (0.007 to 14.1 kg/cm²) 
Sensing area  200 x 200 mm 
Thickness  0.3 mm 
Packaging area 230 x 230 mm 
Scan speed Up to 1,000 hertz 
Spatial resolution Customizable from 0.04 (2 mm) and higher 
Accuracy  ± 10% 
Repeatability  ± 2% 
Hysteresis ± 5% 
Non-linearity ± 1.5% 
 
Free movement of a subject with an applied pressure pad was secured by the interconnecting cable with the 
length of 10 meters between the converter and the pad. Wide cables containing 40 cores transmit signals from 
individual sensors (20x20cm) and subsequently form a matrix of 400 sensing points. The software assigns different 
colours, representing specific compression loads, to individual analogue signal strengths [14]. 
Prior to a measurement, all hardware components of the TACTILUS system (pressure pad, connecting cable, 
converter) must be properly connected. The methodology for the pressure pad placement is identical for both 
measurement types. In the first case, the pressure pad is applied to the stump, the liner is slipped over, and then the 
prosthesis itself is applied (Fig. 2a). In the second case, the pressure pad is applied to the liner and a subject applies 
a prosthesis (Fig. 2b). After the prosthesis is put on, a subject walks 8-10 meters, while the pressure dynamic 
development is being recorded in the real time. Dynamic pressure measurement can concurrently be viewed, using 
the software, on the laptop/PC screen, and the measurement can be repeated, if necessary. No special attachments of 
the TACTILUS system were required; after the liner was slipped over, the sensor’s movement was hindered and 
sufficient securing was achieved. The same applies to the second method of prosthesis placement, where the pad 
stabilisation was achieved after the prosthesis was applied.   
 
 
Fig. 2 Pressure sensor placement methods- a)stump/liner, b) liner/socket 
Prior to a measurement, a subject should be instructed on the measurement procedure, development, and 
objective. During the sensor application, a subject is sitting on a chair to enable better access for the pressure pad 
application. Prior to each measurement, a trial measurement is carried out to identify a correct position of the 
pressure pad by pressing the selected areas (ON1, ON2, ON3, NON4 and NON5) with fingers and their position is 
checked using the TACTILUS software. 
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Fig. 3 Pressure maps for loadable (a,b,c) and unloadable areas (d,e) 
The submitted study was monitoring the values of the maximum and the average pressure for the selected areas 
on the transtibial stump. On the generated pressure matrix, the selected areas (ON1, ON2, ON3, NON4and NON5) 
were marked. Fig.3 shows the impact of pressure in the selected areas, whereas impact of the pressure was identified 
for each selected area separately. The positions of individual selected areas were identified by a trial measurement 
and the trial measurement was considered in the assessment regarding the selection of the monitored areas. After the 
selected areas are marked, the TACTILUS software provides a graphical representation of the dynamic development 
of the measurement in form of curves (Fig. 4). As various stresses affect the transtibial prosthesis socket during a 
walking cycle, each selected area was assessed separately. By means of a graphic curve, the maximum and the 
average value was identified for a particular selected area. Selection of a monitored area is followed by the 
visualisation of curves of the minimum, average, and the maximum pressure, presented on the dynamic curve of the 
pressure impact for one area. 
 
Fig. 4 Dynamic pressure curve during a walking cycle  
Assessed output from the TACTILUS pressure sensor with the marked selected areas is shown in Fig. 5. 
 
 
Fig. 5 Assessed output from the TACTILUS pressure system 
Using the TACTILUS software, the average impact of the pressure between the stump and the liner was assessed. 
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As shown in Fig. 6, the strongest impact of the average pressure between the stump and the liner was observed in 
the ON1 area with the value of 81 kPa. On the contrary, the lowest value of the average pressure was 21 kPa in the 
NON4 area. 
 
 
Fig. 6 Average value of the pressure between the stump and the liner  
The average value was also identified for the second method of the pressure system placement (Fig. 7). The highest 
value of the average pressure between the liner and the socket was 78kPa in the NON5 area. In this case again, the 
lowest value of the average pressure was identified in the NON4 area with the value of 6 kPa. 
 
 
Fig. 7 Average value of the pressure between the liner and the transtibial prosthesis socket  
The TACTILUS pressure sensor was used to identify the impact of the pressure in the selected areas (ON1, ON2, 
ON3, NON4 and NON5), as well as the pressure distribution. In each subject, the pressure was measured in the 
stump/liner and the liner/socket interfaces. In case of the 007 stump, the pressure was only measured in the 
stump/liner interface, as the structure of this transtibial prosthesis did not allow for the pressure measurement in the 
liner/socket interface. On the basis of the obtained results it can be stated that the liner absorbs the pressure 
developed in the socket when a prosthesis is worn.    
3. Results 
Statistic methods were applied to compare the average values for the unloadable NON4 and NON5areas. In the 
correlation of average pressure values in the NON4 and NON5 areas in the stump/liner interface, the p-value of 
0.019 was observed. Similarly, in the correlation of average pressure values in the NON4 and NON5 areas in the 
liner/socket interface, the p-value = 0.006 was observed. In both cases of the pressure system placement, the p-value 
was higher than 0.05, it means that we can state that the sets are equal. The placement of sensor (stump/liner vs. 
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liner/socket) has no affect to measuring methodology (correlation between sensor placement) but they have affect to 
obtained values. 
 
 
Fig. 8 Statistical assessment of the average pressure in the stump/liner (a) and the liner/socket (b)interfaces 
An alternative method for the determination of appropriateness of the designed socket was the pressure scanning 
using the surface pressure sensor placed between the stump and the liner in the first case and between the liner and 
the socket in the second case. Considering the pressure distribution and the obtained values, it can be stated that 
higher values and higher number of extremes occurred when the sensor was placed between the stump and the liner. 
With the placement between the liner and the socket, the values are lower and their distribution is more homogenous 
(lower occurrence of extremes), which indicates that the liner facilitates more even pressure distribution on the 
socket and also absorbs possible impacts when a prosthesis is used.  
The assessed results indicate that the pressure scanning in a transtibial prosthesis socket is an appropriate method of 
the fast diagnostics of the fabricated socket. The system discussed can be used in the stage of designing, fabrication, 
and application of the transtibial prosthesis socket. Significance thereof can also be applied in the testing and 
modification of the transtibial prosthesis socket. 
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